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INVESTIGATION OF CHANGES IN THE EXPRESSION LEVELS OF 
FLOCCULATION, ADHESION AND OXIDATIVE STRESS-RELATED 
GENES IN STRESS-RESISTANT SACCHAROMYCES CEREVISIAE 
MUTANTS 
SUMMARY 
In many cells, adhesion is an important property which is achieved by special cell 
surface proteins. As in bacteria, also yeast adhesion has an important role in medical 
issues and industry. Some pathogenic yeast such as Candida albicans and Candida 
glabrata are able to adhere to abiotic surfaces, especially to medical devices such as 
plastic prostheses and catheteres. As they attach, they can form drug-resistant 
biofilms and they can ease the way to enter  the blood and even some internal organs. 
Such an adhesion resulting in biofilms needs to be carefully considered as it can 
trigger even death. Besides these undesirable adhesion properties in medicine, cell-
cell adhesion can be desirable in industry. The prominent yeast in food-processing, 
wine and beer industry is Saccharomyces cerevisiae. Upon conversion of sugars into 
ethanol and CO2 during fermentation, yeast cells start adhering to each other. Cell – 
cell adhesion of thousands of yeasts results in macroscopic structures called `flocs` 
and thus, intracellular adhesion of yeasts is referred as flocculation.  Flocculation of 
yeasts in the fermentation processes is an advantageous property as it makes the 
separation easy and inexpensive. Flocculation characteristics can change from strain 
to strain. In lager strains, yeast flocs settle at the bottom whereas in ale strains they 
stay on the surface. However, it is evident that some closely related strains can show 
different adhesion and flocculation characteristics with respect to varying 
environmental conditions. Yeasts can rapidly adapt to changing environments by 
changing adhesion properties. In this study, adhesion and flocculation characteristics 
were investigated in yeast mutants that were selected under stress conditions like 
ethanol stress, salt stress, oxidative stress and different metal stresses like iron and 
cobalt. Due to the screening results, for some of the mutants, FLO1, FLO5, FLO8 
and FLO11 genes were evaluated for their expression profiles. The salt stress-
resistant mutant showed a significantly high FLO11 expression. Additionally, the 
oxidative stress-resistant mutant was studied for the expression profiles of oxidative 
stress-related genes. It was observed that the cytosolic catalase coding CTT1 gene 
expression levels were significantly higher in that mutant, compared to the wild type. 
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STRESE DĠRENÇLĠ SACCHAROMYCES CEREVISIAE MUTANTLARINDA 
FLOKÜLASYON, ADEZYON VE OKSĠDATĠF STRES ĠLE ĠLGĠLĠ 
GENLERĠN ANLATIM DÜZEYLERĠNDEKĠ DEĞĠġĠKLĠKLERĠN 
ĠNCELENMESĠ 
ÖZET 
Birçok hücrede, özel hücre yüzeyi proteinleri tarafından gerçekleştirilen adezyon 
önemli bir özelliktir. Bakterilerde olduğu gibi, maya adezyonu da tıbbi ve endüstriyel 
alanda önemli bir role sahiptir. Candida albicans ve Candida glabrata gibi bazı 
patojen mayalar, başta plastik protez ve kateterler olmak üzere, birçok abiyotik 
yüzeye bağlanabilir. Bağlandıklarında ise, ilaçlara karşı dirençli biyofilm oluşumuna 
sebep olurlar ve böylece kana karışımı hatta bazı iç organlara ulaşmayı 
kolaylaştırırlar. Böyle bir biyofilm oluşturan adezyon özelliği dikkatlice ele 
alınmalıdır çünkü bu durum ölümü bile tetikleyebilir. Medikal alanda bu istenmeyen 
adezyon özelliklerinin yanısıra, hücre-hücre bağlanmaları endüstride 
istenebilmektedir. Gıda, bira ve şarap endüstrisinde en çok öne çıkan maya, 
Saccharomyces cerevisiae‟dir. Fermentasyon sırasında, şekerler etanol ve 
karbondioksite dönüştükçe maya hücreleri birbirine yapışmaya başlarlar. Binlerce 
mayanın yaptığı hücre-hücre adezyonu sonunda “topak” adı verilen makroskopik 
yapılar oluştururlar ve bu hücreler arası etkileşim flokülasyon olarak adlandırılır. 
Fermentasyon proseslerinde mayaların flokülasyonu avantaj yaratan bir özelliktir 
çünkü ayırma işleminin kolay ve ucuz olmasına yol açar. Fakat açıktır ki; bazı benzer 
suşlarda bile bazen çeşitli koşullara göre değişken adezyon ve flokülasyon özellikleri 
görülebilmektedir. Mayalar, değişen ortamlara adezyon özelliklerini değiştirerek çok 
çabuk adapte olabilirler. Bu çalışmada, adezyon ve flokülasyon karakteristikleri, 
etanol, tuz, hidrojen peroksit stresi, kobalt ve demir gibi metal stresleri altında 
seçilmiş mutantlarda incelenmiştir. Bu tarama çalışmasına göre seçilen bazı 
mutantların FLO1, FLO5, FLO8 ve FLO11 genlerinin anlatım profili incelenmiştir. 
Tuz stresine dirençli mutantın FLO11 gen anlatım düzeyinin yüksek olduğu 
görülmüştür. Ayrıca, oksidatif strese dayanıklı mutantta, oksidatif stres genleri için 
anlatım seviyeleri incelenmiştir. Bu mutantta, yaban tipe kıyasla, sitozolik katalazı 
kodlayan CTT1 geninin anlatım düzeyinin anlamlı ölçüde daha yüksek olduğu 
görülmüştür.
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1 INTRODUCTION 
1.1 Brief Information About Yeast: Saccharomyces cerevisiae 
Saccharomyces cerevisiae is an organism which is commonly known as baker`s 
yeast or brewer`s yeast and this name was given in 1837 after being observed in 
malt. With its common name, yeast has significant traces in brewing in Sumeria and 
Babylonia at 6000 B.C. Yeast has been also used in dough leavening as it releases 
CO2 anaerobically during the baking (Black, 2005; Feldmann, 2005; Walker, 1998). 
The Egyptian model house for brewing and baking in the British Historical Museum 
proves the importance of S. cerevisiae in early lives (Moyad, 2007). In mid 1930s, S. 
cerevisiae has gathered significance in science, too and has been used as an 
experimental organism (Feldmann, 2005). The scientific classification of S. 
cerevisiae can be seen in Table 1.1.  
Table 1.1 Systematic classification of S. cerevisiae 
Kingdom Fungi 
Phylum Ascomycota 
Class Hemiascomycetales 
Order Saccharomycetales 
Family Saccharomycetacae 
Genus Saccharomyces 
Species S. cerevisiae 
 
S. cerevisiae cells are immobile, relatively small oval spheres which are 
approximately 10μm long and 5μm wide. However, their sizes can show variability 
even in the same strain of a particular species due to the environmental conditions. 
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Mean cell volumes depend on the cell genome being haploid or diploid. Moreover, 
size of a yeast cell is directly proportional with its age (Feldmann, 2005). A typical 
image of yeast cells ( photographed by Dr. Maxim Zakhartsev and Doris Petroi from 
International University Bremen, Germany) is shown in Figure 1.1. 
 
Figure 1.1: Wild type Saccharomyces cerevisiae strain BY4742 (EUROSCARF) 
Like other members of the kingdom fungi, yeast cells have a cell wall which is 
significantly thick; about 100 nm to 200 nm. Cell walls of yeasts give shape to the 
cells and act as a protective structure against osmotic and physical stresses. Yeast 
cell walls are mainly constituted of polysaccharides like mannans and two types of 
glucans and a small amount of chitin. Beside cell wall, a yeast cell generally has a 
periplasm, plasma membrane, invagination, bud scar, cytosole, nucleus, 
mitochondrion, endoplasmic reticulum, Golgi apparatus, secretory vesicles, vacuole 
and peroxisome. These features make the yeast cells resemble to eukaryotic cells. In 
contrast, eukaryotes do not possess a cell wall and bud scars. Moreover, yeast cells 
are considered as being close to both animals and plants since they have cell walls 
and do not have chloroplasts (Alberts, et al., 2002; Feldmann, 2005; Klis, et al., 
2006; Walker, 1998). 
S. cerevisiae can be cultured easily in either solid or liquid media with basic 
nutrients. If the nutrients in the media are adequate, they can grow as rapid as 
bacteria. Haploid cells have a doubling time of about 90 minutes in complete media 
and about 140 minutes in synthetic media at 30
o
C (Sherman, 1998).  
The life cycle of S. cerevisiae is transient since its existence can be either in haploid 
form or diploid form (Figure 1.2). 
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Figure 1.2: Life cycle of Saccharomyces cerevisiae (Feldmann, 2005) 
If the nutrients and the conditions are favorable, then both haploid and diploid cells 
can grow vegetatively and undergo mitosis infinitely. Although vegetative growth is 
the dominant way, yeasts also exhibit sexual reproduction. If the carbon or nitrogen 
starvation is present, diploid cells can then sporulate like many unicellular organisms 
or divide by meiosis. The sporulation results in the formation of haploid ascospores 
and four of these resistant ascospores are named as ascus. The sexual reproduction of 
yeasts, require mating of haploids, since sporulation can occur only in diploids. The 
mating process resembles the fusion of male and female gametes. On the MAT locus 
of chromosome III of a haploid yeast cell, a mating type is coded as “a” and “α” 
factors, being the peptide hormones. These mating types secrete special pheromones 
and each of them is attracted only by the other one. The response to other mating 
type causes the cell to be arrested at G1 phase and the normal spherical yeast cells 
elongate to form  peculiar morphologies called as shmoo (Figure 1.3). Two shmoos 
fuse and form a zygote that includes a diploid nucleus. In S. cerevisiae, some diploid 
cells can change their mating type to the opposite one by an active HO gene and 
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these are called as homothallic strains. On the other hand, there are heterothallic 
strains that do not have active HO gene. Heterothallic strains can be either in diploid 
or haploid form (Alberts, et al., 2002; Dickinson, et al., 1999). 
 
Figure 1. 3 : Shmoo formation : Spherical cells, shmoos and a cartoon from 
          M.Snyde (Alberts et al., 2002) 
Yeast cells can also form pseudohyphae and invading filaments in their life cycles. 
Pseudohyphae is a state of morphology that diploid cells exhibit. They can be seen as 
regularly elongated cells because of unipolar budding. The similar morphology that 
haploid cells exhibit is the invasive filamentation. Haploid yeast cells can form such 
filaments on solid media that they can invade or penetrate into agar. The formation of 
these two morphologies in addition to shmoo formation can be observed in Figure 
1.4 (Dickinson, et al., 1999).  
Vegetative growth of yeasts commonly occurs by budding that begins if proper DNA 
duplication is guaranteed when the mother cell reaches a particular size. A site of the 
cell wall becomes weaker and materials for the new membrane and cell wall are 
transported to this location. Following this key preparation step, a bud emerges from 
the surface which gives birth to the daughter cell by the help of key players; spindle 
pole bodies. Although daughter and mother cells have the same genetic material, 
mother cells are bigger than the daughter cells. In haploid cells, budding occurs 
adjacent to the former budding site (Figure 1.5). This is an intrinsic event of the cell 
since the cytoskeleton polarity is closely related with budding site since haploid cells 
show axial budding whereas diploid cells show bipolar budding. A parent cell gives 
rise to about 20-30 buds. Therefore, bud scars are considered as clues to determine 
the cellular age (Alberts, et al., 2002; Feldmann, 2005; Madigan, et al., 2003; 
Sherman, 1998)  
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Figure 1.4: Pseudohyphae, invasive filamentation and shmoo formation  
        (Dickinson et al., 1999) 
. 
 
Figure 1.5: Bud emergence and bud scar (Alberts, et al,. 2002) 
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The genome sequence of S. cerevisiae was completed in 1997, being the first 
eukaryote to be sequenced. In haploid yeast, there are 16 chromosomes. Total 
genome contains approximately 13.117.000 nucleotide pairs with the 78.520 
nucleotide pairs of mitochondrial DNA. This total number is about 2.5 fold of the 
prokaryotic model organism, Escherichia coli. In S. cerevisiae, approximately 6300 
various proteins are encoded. 23% of this compact genome is thought to resemble 
human genome (Alberts, et al,. 2002; Madigan, et al., 2003).   
1.2 Importance of S. cerevisiae in Industry and Biotechnology as a Model                                                            
Organism 
In addition to being used widely in beer and bread production since ancient times, 
yeast is a popular organism in wine production, too. S. cerevisiae is the favored 
organism for primary fermentation since it is not inhibited by alcohol as much as 
other organisms. After S. cerevisiae conversion of glucose into ethanol in primary 
fementation, bacteria complete the secondary fermentation by eliminating acids for a 
better taste (Madigan et al., 2003; Nielsen, et al., 2000).  
In many fementation and biomass conversion processes, yeast is used widely. 
Without oxygen, it can result in ethanol production whereas with oxygen it can 
convert sugars into CO2 and H2O. Additionally, it is a valuable nutrient (Ratledge, et 
al., 2001).  
Moreover, yeast can produce bio-ethanol as fuel in addition to conventional ethanol 
and it is thought that the ethanol produced by yeast fermentation would be a great 
alternative energy source. Yeast is also prominent in environmental biotechnology 
and medicine. In health issues yeast can be used as a biological control agent. The 
recombinant DNA technology improves the usage of yeast for the production of 
therapeutic heterologous proteins and functional yeast genome analysis leads us to 
better understand human genome. However, yeast is also used against bacterial 
infections in old times (Ratledge, et al., 2001; Walker, 1998). The biotechnology 
areas, in which yeast is used, are shown in Figure 1.6.  
 
7 
 
Figure 1.6: Yeast biotechnology areas (Feldmann, 2005) 
The improvements in yeast genetics, such as transformation of yeast, genetic 
manipulations and sequencing of the whole S. cerevisiae genome have led yeast to 
increase its significance both in science and biotechnology. Although S. cerevisiae 
has a small genome compared to many eukaryotic cells, it executes all fundamental 
eukaryotic processes which guided deciphering how higher organisms function. 
Also, S. cerevisiae is easy to handle because of its easy and cheap cultivation and it 
GRAS (Generally regarded as safe) status. Hence, S. cerevisiae is a distinguished 
unicellular model organism for the eukaryotic cells (Feldmann, 2005; Ostergaard, 
2000). 
1.3 Adhesion and Flocculation 
Many bacteria in nature are closely in relation with surfaces. More than 90% of the 
bacteria live by attaching to surfaces and a great proportion of these bacteria live as 
resident communities forming biofilms. Bacteria succeed the attachment to surfaces 
by the adhesion proteins that play an important role in recognition of special 
molecular patterns with a lock-and-key model as enzymes and immunoglobulins do. 
These patterns have a great extent thus; they can be motifs on the surface of tissues 
or cells and some non-biological materials including glass and plastic. The adhesion 
confers bacteria mainly two special characteristics. The first one is to recognize a 
particular surface such as epithelial surface in a mammalian organism and the latter 
one is to prevent the wash-out from surface by parrying the shear forces if the cells 
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are in a nutritive medium.  In this manner, adhesion proteins are guides for the 
microbes to find the address in a way like key and lock model in biology. Similarly, 
unicellular eukaryotes are able to adhere to various surfaces and cells to avoid from 
wash-away and to form protective biofilms against hazardous threats. Yeasts are 
good examples of adhesion to abiotic surfaces, cells or tissues which are important in 
developmental processes like dimorphic switch, flocculation and formation of 
biofilm (Barrales, et al., 2008; Klemm, et al., 2007; Verstrepen, et al., 2006). 
Yeast adhesion has an important role in medical issues and industry. Some 
pathogenic yeasts such as Candida albicans and Candida glabrata can adhere to 
abiotic surfaces, especially to medical devices such as plastic prostheses and 
catheters. As they attach, they can form drug-resistant biofilms and they can ease the 
way to enter the blood and even some internal organs. Such an adhesion should be 
well considered as it can result in death, with a rate of more than 40%. Besides these 
undesirable adhesion properties in medicine, cell-cell adhesion of the prominent 
yeast S. cerevisiae is desirable in food-processing, wine and beer industry. As the 
sugars are turned into ethanol and carbon dioxide during the fermentation, the yeast 
cells start adhering to each other. Cell – cell adhesion of thousands of yeasts results 
in macroscopic structures called “flocs”. This intracellular adhesion of yeast cells is 
referred as flocculation which can also be defined as the asexual cell aggregation. 
Flocculation of yeasts in the fermentation processes is an advantageous property as it 
makes the separation of cells from the products or bulk medium easy, environment-
friendly and inexpensive. Aggregation characteristics can change from strain to 
strain. In “lager” strains, yeast flocs settle at the bottom and flocculation degree is 
high, whereas in “ale” strains they stay on the surface. In this case, it is evident that 
flocculation phenotype affects the flavor of the beverage and the flocculation 
properties should be well controlled to ease the fermentation process while having a 
desired taste at the same time (Feldmann, 2005; Verstrepen, et al, 2003; Verstrepen, 
et al., 2006). 
1.3.1 Adhesins 
The special cell surface proteins that protrude from cell walls are responsible from 
such adhesion phenotypes by binding to specific amino acid or sugar molecules on 
other surfaces. In yeast cells, these proteins are called as `flocculins‟ whereas in 
some sources they are referred as „adhesins‟, „lectins‟ or „zymolectins‟ (Claro, et al., 
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2007; Soares, et al., 2003; Verstrepen, et al, 2003; Verstrepen, et al., 2006). They are 
grouped into different protein families in different organisms. For example; ALS and 
EAP families in C. albicans, EPA family in C. glabrata and FLO family in S. 
cerevisiae are the relevant families. FLO gene family consists of five main 
flocculation genes; FLO1, FLO5, FLO9, FLO10 and FLO11. The first four genes are 
related with cell-cell adhesion (flocculation). FLO1 is a well-known, dominant 
flocculation gene at chromosome I which has a 4.6kb open reading frame and it 
causes strong cell-cell adhesion. FLO5 and FLO9 are the homologous genes of 
FLO1.  However, it is stated that in vegetative laboratory strains like 1278b, only 
FLO11 is expressed and the other genes are kept silent transcriptionally. FLO11 gene 
which is shown to possess the largest promoter for yeast, more than 3kb, is related 
with the adhesion to substrates, mat formation on solid and velum formation in flor 
yeasts. Velum can be considered as the adaptation to reach oxygen at the air-liquid 
interface and velum forming yeasts aggregate at the top instead of settling down. 
FLO11/MUC1 confers mostly the phenotype to invade agar and to adhere plastics by 
giving hydrophobic properties to the cell surface. Plastic adherence is considered as 
the initiation of biofilm formation. Another gene called FLO8 encodes for Flo8p that 
is a transcriptional activator of FLO1, FLO9 and FLO11. It is also stated that Flo8p 
and Mss11p are both related with the regulation of flocculation besides FLO11 
(Barrales, et al., 2008; Bester, et al., 2007; Douglas, et al., 2007 ; Fidalgo et al., 
2008; Govender, et al., 2008; Ishigami, et al., 2004; Reynolds, et al., 2001; 
Verstrepen, et al., 2003; Verstrepen, et al., 2006).  
The fungal adhesins – so called flocculins- possess a special structure consisting of 
C-terminal, N-terminal and the middle domain. C-terminal binds the adhesion to the 
cell wall and has a glycosylphosphatidylinositol (GPI) anchor adding site that is 
released before cell wall unification of adhesion (Figure 1.7). N-terminal extends out 
of the cell surface and plays role in binding to ligands as aminoacids or sugars. In-
between two terminals there are N- and O- glycosylated serine and threonine rich 
tandem repeats which can vary enormously as a result of recombination. These 
recombination events create new alleles for the adhesion molecules. Calcium 
molecules have an important role in accomplishing the adhesion by helping adhesins 
to obtain their active conformations (Verstrepen, et al., 2006; Wang, 2009). 
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Figure 1.7: Structure of adhesins (Verstrepen, et al., 2006) 
 
1.3.2 Mechanisms of Adhesion 
Adhesion is classified in two different mechanisms; sugar-insensitive/sugar-
independent and lectin-like adhesion. In the first one, hydrophobic interactions are 
prominent between cell and the specific abiotic surfaces. The major example is 
FLO11 gene in S. cerevisiae which plays a key role in hydrophobic adhesion to other 
surfaces. Flo11 proteins confer cells the capability to adhere to agar and plastic. In 
sugar-independent adhesion, adhesins bind peptides rather than sugars. Another 
example is the Als protein in C. albicans which is considered as sugar insensitive 
adhesin. In the latter mechanism, lectin-like sugar binding domain of Flo proteins, 
which is found at N-terminal, bind reversibly to sugar residues on the neighboring 
cells in the presence of calcium ions. Lectin-like adhesion is sub-grouped in three 
classes: mannose sensitive (Flo1-type), mannose-glucose-maltose sensitive (NewFlo 
type) and mannose insensitive. However, in some reports the subgroups are classified 
only in two, omitting the third one (Sampermans, et al., 2005; Van Mulders, et al., 
2009; Verstrepen, et al., 2003, Verstrepen, et al., 2006). Flo1-type flocculation is 
achieved by the linkage between flocculins and mannose residues on cell walls and 
free mannose inhibits the flocculation since the proteins can‟t bind the mannose 
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residues on other cells (Claro, et al., 2007; Verstrepen et al., 2003; Verstrepen, et al., 
2006). According to Verstrepen et al. (2003), both flocculent and non-flocculent 
cells have mannose residues on their cell surfaces and flocculation obviously 
depends on the existence of lectin-like protein (Figure 1.8). However, Straver  and 
Kijne (1996) claim that beside flocculins, agglutinins and fimbria-like structures are 
necessary for flocculation, and Mortier et al. (2007) state that there would be non-
flocculent cells without sugar receptors (Figure 1.8). NewFlo type adhesion has a 
great importance in fermentation processes, because it ensures that flocculation will 
occur generally in stationary phase only if all the competing sugars are consumed. In 
other words, before converting all the competitively inhibiting sugar into ethanol, 
flocculation is interfered. In industry, NewFlo type is widely used because 
flocculation after the whole fermentation process is what brewers and winemakers 
desire (Claro et al., 2007; Verstrepen, et al., 2003). 
 
  
Figure 1.8: Flo proteins and receptors (Mortier, et al., 2007) 
 
1.3.3 Regulation of Flocculation 
Adhesion is affected by several factors and they can be grouped in three classes 
(Figure 1.9). Adhesion genes are expressed with respect to environmental stimuli and 
they are not always active. Thus, the adhesion phenotypes can be modified by the 
stimuli such as temperature, pH, ethanol, oxygen, carbon and nitrogen levels and 
even it is shown that the agitation and other cellular collision increasing effects 
increase flocculation (Barrales, et al., 2008; Bester, et al., 2006; Verstrepen, et al., 
2003; Verstrepen, et al., 2006). For instance, the nitrogen scarcity initiates FLO11 
expression and cells adhere and invade in substrates for the sake of searching 
nutrients. Also, flocculation is thought to be a protection mechanism since the 
interior cells in the aggregated flocs are shielded from the media. Nevertheless, 
fungal cells sometimes use adhesive properties for infection purposes. It is shown 
 
12 
that, the high indole acetic acid (auxin) concentration at the wounded plant sites 
activates FLO11 and eases the infection (Verstrepen, et al., 2003). 
 
Figure 1.9: Factors affecting adhesion (Verstrepen, et al., 2003) 
 
The general impression about nutrient effect in flocculation is that the absence of 
glucose, sucrose and maltose eases flocculation since the lectin-binding sites are left 
free for cell-cell adhesion in both NewFlo and Flo1 type flocculations. In addition to 
carbon source, nitrogen sources also affect flocculation and it is thought that nitrogen 
limitations induce flocculation, too. If the nitrogen is in excess amount, it is thought 
that a GCN4-box at position 268 of FLO1 promoter represses flocculation. It is 
claimed that nitrogen and carbon addition to growth media should change the 
flocculation onset. However, this was refuted by showing that neither flocculation 
nor growth rate and cell mass changes in a lager strain after duplicating the amino 
acid content of wort (Verstrepen, et al., 2003).  
It is thought that oxygen affects flocculation in an indirect manner by means of 
unsaturated fatty acids and sterols. Onset of flocculation and cell growth cessation 
overlaps in NewFlo strains since in exponential phase the flocculation does not start. 
It is shown that early and incomplete flocculation can take place if the oxygen 
content is poor at the beginning and if the oxygen is at a normal level, then the 
flocculation delays but becomes stronger. As the poor growth and flocculation can be 
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compensated by addition of ergosterol and oleic acid which need oxygen for 
synthesis, oxygen affects the flocculation secondhand (Verstrepen, et al., 2003). 
pH of the medium was thought to be an important determinant of flocculation since 
acidity makes the negative cell-surface charge reduced and cells do not repel each 
other electrostatically.  However, it is also shown that flocculation takes place 
between 1.5 – 9 although the optimum pH values are in the interval of 3.5 – 5.8. 
Clearly, the pH dependence does not show proper characteristics at certain values 
and it is thought to be strain-dependent. Also, temperature dependence is proven to 
vary from strain to strain since there are different reports on the effect of temperature 
(Verstrepen, et al., 2003; Zupan, et al., 2010). 
Even effect of ethanol is stated to be strain-dependent, the increasing of ethanol 
content may affect cell wall conformations and many stress-responses. Subsequently, 
flocculation is triggered by the increased hydrophobicity of cell surface or the 
induction of heat shock response elements at the promoters of adhesion genes 
(Verstrepen, et al., 2003). 
In fungal adhesion, the adhesion genes are controlled transcriptionally with respect to 
environmental circumstances by the help of several signaling pathways. These 
pathways were first elucidated for FLO11 gene since FLO11 is the only active FLO 
gene in the laboratory strain 1278b. It is also shown that other FLO genes and 
adhesins in pathogenic fungi, like ALS family in Candida spp., are controlled by 
similar pathways (Verstrepen, et al., 2006). 
The environmental changes that affect the FLO11 adhesion are nutritional conditions 
and existence of some stress factors, as shown in Figure 1.9. RAS/cAMP/Protein 
Kinase A (PKA), MAP kinase (MAPK) dependent filamentous growth and glucose 
repression pathways are the main three cascades that regulate the level of FLO11 
expression in any environmental stimulation. Beside these, there are some other 
pathways which are not fully elucidated. “Target of Rapamycin” (TOR) is a pathway 
that regulates FLO11 when nitrogen is scarce.  It is thought that Sok2, Phd1 and 
Ash1 transcription factors are included in an epistatic pathway. Also in some genetic 
screenings, many other genes were found to regulate adhesion directly or indirectly 
(Verstrepen, et al., 2006). 
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Glucose or sucrose existence brings about the RAS/cAMP/PKA pathway to regulate 
FLO11 expression. cAMP dependent PKA is closely related with stress resistance. 
Therefore, the proteins that take part in stress resistance including trehalose 
mechanism, cell growth control, glucose metabolism, flocculation and filamentous 
growth are the players of this signaling cascade. The activity of adenylate cyclase 
Cyr1 is increased by the intracellular glucose phosphorylation. On the other hand, 
extracellular glucose or sucrose is sensed by a G protein coupled receptor system 
composed of Gpr1/Gpa2 complex and the actuation of this complex enhances the 
Cyr1 activity much more. High Cyr1 activity results in high cAMP levels which 
subsequently sets off the protein kinase A complex. PKA has Tpk1, Tpk2 and Tpk3 
subunits that regulate FLO11 expression. Tpk1 and Tpk3 inhibit the FLO11 
expression whereas Tpk2 has an activator effect on FLO11.  As Bcy1 leaves the Tpk 
catalytic subunits with the effect of activated PKA, suppressor of flocculation (Sfl1) 
is inactivated and FLO8 is activated by free Tpk2 as can be seen in Figure 1.10. The 
pathway can be extremely activated if the IRA genes are absent in the cell and this 
situation brings about the FLO10 expression that is normally silent. Sfl1 is also 
related with histone deacetylases and can silence FLO genes epigenetically. It is 
stated that filament formation in diploid cells resembles to invasive growth in 
haploid cells through their control mechanism since they are both controlled by 
RAS/cAMP pathway. Ras affects the mating pathway and Gcn4 in a positive manner 
whereas it suppresses stress-related genes. Since, Ras2p is necessary for invasive 
growth, it can be concluded that invasion required the suppression of stress-related 
genes and in contrast to some strains, in 1278b strains, stress-related genes are 
controlled by Ras irrelevant from yAP -1 which is a yeast activator protein 
responsible from activation of stress response elements (Siderius, et al., 2003; 
Stanhill, et al., 1999; Verstrepen, et al., 2006). 
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Figure 1.10: RAS/cAMP/PKA pathway in flocculation regulation  
(Verstrepen, et al., 2006) 
 
Another important signaling cascade is MAPK which takes part in the control of 
flocculation (Figure 1.11). Ste11 (MAPKKK) and Ste7 (MAPKK) which are shared 
by other MAPK pathways like mating response and High Osmolarity Glycerol 
(HOG) pathways are the prominent kinases in MAPK-dependent filamentous growth 
pathway. Invasive growth and filamentous growth are controlled by the upstream 
MAPK pathway players; cell surface mucin-like protein Msb2 and MAPKKKK 
Ste20. Although which stress affects the Msb2 is still unknown, Msb2 is considered 
as a sensor at the beginning of the cascade. Amino acid synthesis during nitrogen 
starvation causes fusel alcohols like butanol to be produced as side products. 
Therefore, these products are thought to be the indicator of nitrogen scarcity. At low 
concentrations of nitrogen which is probably sensed by ammonium permease Mep20 
and at high levels of fusel alcohols, FLO11 expression is thought to be actuated. 
Transcriptional regulators like Dig1, Ste12 and Tec1 and MAPK Kss1 are other 
members of MAPK-dependent filamentous growth pathway. In contrast to this 
cascade, it is also proposed that depletion of nitrogen activates a MAPK independent 
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pathway. Flo8 as a member of cAMP/PKA pathway, and Gcn2/Gcn4 as nitrogen 
metabolism regulators are thought to take part in the alternative pathway 
(Verstrepen, et al., 2006). 
 
 
 
Figure 1.11: MAPK pathway in flocculation regulation (Verstrepen, et al., 2006) 
 
Mitogen activated protein kinases play a role also in the regulation of C.albicans 
adhesion. Cells can prove the presence of a proper physical contact and localization 
in the host by a MAPK called Mkc1 and thus they adhere to form biofilms. This 
process resembles to cell proliferation control by “contact inhibition” that 
multicellular organisms possesss (Verstrepen, et al., 2006). 
In the glucose repression pathway, glucose uptake is achieved by hexose transporters 
(Hxt). As glucose enters the cell, one hexokinase (Hxk) phosphorylates the glucose. 
Then, Snf1 protein kinase is inhibited by glucose-6-phosphate or by the reduced 
AMP as a result of elevated ATP. Subsequently, FLO11 is repressed by the general 
corepressors Tup1 and Ssn6 which are elicited by interaction between FLO11 
promoter and Mig1 and Nrg1. If the glucose levels reduce, then the active Snf1 
phosphorylates Mig1. The phosphorylation of Mig1 moves it to the cytoplasm and 
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FLO11 repression ceases, as shown in Figure 1.12 (Verstrepen, et al., 2003, 
Verstrepen, et al., 2006). 
 
Figure 1.12: Glucose repression pathway in flocculation regulation  
(Verstrepen, et al., 2006) 
 
The regulation by the three main signaling cascades should be well considered since 
the control is not so simple. The presence of glucose activates the Ras/cAMP/PKA 
pathway and results in FLO11 expression while it exacerbates FLO11 expression 
through glucose repression pathway.  Moreover, small G protein affects both 
Ras/cAMP/PKA and MAPK pathway and Mss11 plays a role in all three pathways. 
Therefore, in the adhesion control, these cascades are not independent from each 
other but they act together in an integrated complex manner (Verstrepen, et al., 
2006). 
In addition to the pathways, epigenetic control also regulates adhesion genes. Some 
cells can have an active FLO11 whereas others can have silent FLO11 in a 
homogenous S. cerevisiae population. Mother cells transmit the expression state of 
FLO11 to the daughter cells over generations but the state is reversible and it is 
unclear whether only daughter cells switch the expression state or all of them. The 
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studies show that FLO11 promoter specificity have effects in epigenetic silencing by 
affecting Ras/cAMP pathway through Sfl1 and Hda1 and also positional silencing 
may occur due to subtelomeric location of FLO11 (Verstrepen, et al., 2006). Beside 
these, FLO11 is thought to be regulated by the pH response pathway, too (Barrales, 
et al., 2008). 
Epigenetic control of adhesins is not restricted with FLO11 gene. FLO10 is also 
controlled epigenetically by histone deacetylases Hst1 and Hst2 and by a telomeric 
silencing regulator Sir3. It is also shown that silencing is not the only case. IRA1 and 
IRA2 genes, which show high rate of nonsense mutation, can result in activation of 
Ras/cAMP/PKA pathway excessively when they are inactivated. That triggers the 
de-silencing of FLO10 gene. The dependence on mutations could be an explanation 
for the plasticity of adhesion genes‟ expressions. Beside these silencing/de-silencing 
mechanisms, SWI/SNF ATP dependent chromatin remodeling complex is included 
in FLO11 activation and EPA6 gene in C. glabrata is also regulated by chromatin 
remodeling (Barrales, et al., 2008; Verstrepen, et al., 2006). 
Epigenetic silencing of adhesins may have various results. Firstly, it brings about 
equilibrium in a population by adjusting some cells to adhere, some to colonize and 
some to disperse.  On the other hand, such a switching capability makes cells 
adaptable to varying conditions. Nevertheless, cells which express only a subset of 
adhesins, can adhere to specific surfaces and switch between proper phenotypes. 
Finally, pathogenic fungi can flee from the host immune system by altering the gene 
expressions (Verstrepen, et al., 2006). 
The FLO genes can show also distinct properties according to their length in 
different strains beside the slight differences of adhesins in a particular strain. This 
genetic variability results in different adhesion phenotypes between strains or species 
and it is shown with evolutionary studies that the adhesin genes in S. cerevisiae and 
Kluyveromyces waltii are expanding too fast. During the DNA replication, the 
tandem repeats in the middle of adhesin genes and sequence similarity cause 
slippages and recombinations which subsequently form new adhesion alleles. This 
variability confer the cells the ability to adjust adhesion properties in the population 
and bind specifically to the particular surfaces just as epigenetic control does. 
Moreover, it is thought that the longer the gene, more is the adherence ability since in 
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smaller gene products, N-terminal of the protein can‟t protrude enough from the cell 
surface (Verstrepen, et al., 2006). 
1.4 Stress Exposure and Responses in Yeast 
All living organisms are exposed to different stress conditions, which are the 
unexpected and unfavorable changes in the environment. The sensing and response 
mechanisms play a great role before reacting to change in the environment. To 
overcome these undesired conditions, organisms develop shielding processes through 
molecular or cellular mechanisms which are called stress responses. To better 
understand the stress tolerance and the mechanisms by which cells respond, yeast is 
widely used and it is thought to be the most suitable organism. Many stresses like 
ethanol stress, osmotic stress, oxidative stress and heat/freeze-thaw stress are some of 
the main factors that are observed in yeast especially in prefermentation, primary and 
secondary fermentation. It is observed that some of the genes in yeast cells are 
upregulated in exposure to stress conditions. Such findings about the gene 
regulations in yeast give an insight for the regulations in higher organisms (Claro, et 
al., 2007; Lewis, et al., 1997; Siderius, et al., 2003; Yale, et al., 2001).  
After sensing the stress factors, the genetic and metabolic regulation can initiate by 
means of general and specific signaling pathways. This entire cascade aims the 
protection of cell, to gain resistance and to adapt the conditions for the purpose of 
further survival (Figure 1.13).  The stress responses of yeast can also be 
morphological and the composition of cell wall and cell membrane has a major effect 
in such adaptive responses. Some of the cells search nutrients in the starvation 
conditions by elongating. In addition to elongating, some cells form filaments. 
Flocculation is directly related with cell wall composition and morphology and it is 
also thought to be a complex stress response to changing environmental conditions 
(Dickinson, 1999; Barrales, et al., 2008; Siderius, et al., 2003; Verstrepen, et al., 
2003, Verstrepen, et al., 2006). 
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Figure 1.13: Recognition of stress and response initiation (Siderius, et al., 2003) 
The molecular mechanisms have also a vital role regarding stress response and the 
common molecular response is known as heat shock response which is studied in S. 
cerevisiae. Exposure to heat stress can repress the synthesis of general proteins but 
induced the heat shock protein (HSP) genes to be over-expressed. Recently, a 
mechanism other than heat-shock induced transcriptional response was found. The 
system consists of Msn2p and Msn4p transcription factors which are the promoter 
elements of STRE (General Stress Responsive Elements). On the other hand, stress 
conditions can result in production of specific molecules like a compatible solute as 
glycerol and common stress protective molecule trehalose (Demasi, et al., 2006; 
Hohmann, 2002; Siderius et al., 2003). 
1.4.1 Metal stress 
Although heavy metals are considered as trace elements that require for proper 
cellular mechanisms, the elevated levels of metals can lead to toxicity or improper 
compound formation in the cell. The uptake of metals in S. cerevisiae can occur in 
two ways: First one is the slow uptake mechanism in which the cell can‟t discern the 
different metal ions that are bound to cell wall or to cell membrane. The second one 
is the faster uptake that is achieved by membrane transport. The general mechanisms 
for metal stress response are avoiding the uptake by restriction and sequestering by 
chelation or deactivating in vacuoles (Jennings, et al., 2003; Felicio, et al., 2003). 
1.4.2 Ethanol stress 
Ethanol is the product of yeast fermentation during brewing. Although it is the 
desired product, high levels of ethanol can be a stress condition for S. cerevisiae 
since it can change metabolic pathways, inhibit the cell growth and viability. Ethanol 
stress causes changes in the lipid content of cell membrane and oxygen uptake. 
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Moreover, many genes‟ expression levels are influenced including the over-
expression of twelve genes from sugar metabolism. As ethanol stress affects the 
vitality of cell, the fermentation products can be affected, too. As the cells are 
exposed to ethanol stress, proteases are transferred from cell to the media. Thus, 
protease generally changes the beer quality in regard with foam (Smart, 2003). 
1.4.3 Freeze-thaw stress 
Freezing is mostly used as a cryopreservative method for organisms. It is known that 
some organisms freeze in nature because of low temperatures. If the freezing outside 
the cell occurs before the cytosol freezes, the cell can die because of the osmotic 
pressure or by the effect of mechanical stress that extracellular ice crystals exert.  On 
the other hand, intracellular ice crystals can also injure the cell as they disrupt the 
cell integrity by harming cell membrane. Moreover, cells can be affected during the 
thawing process. As the cells meet with oxygen, they encounter oxidative stress 
(Tanghe, et al., 2003). 
1.4.4 Oxidative stress 
Oxidative stress is mainly caused by reactive oxygen species (ROS) that are the 
molecules generated as natural by-products of oxygen metabolism. ROS generated 
from molecular oxygen affect all the aerobic organisms constantly during respiration 
or producing energy by oxidizing nutrients. ROS are the superoxide anions (O2
-
), 
hydrogen peroxide (H2O2) and hydroxyl radicals (OH
-
) and they inevitably trigger 
harmful damages in macromolecules such as DNA, protein and lipid membranes and 
they cause neurodegenerative diseases, ageing and cancer. Oxidative stress 
conditions affect the activities in cell that are regulated by redox reactions and a wide 
range of organisms from bacteria to human support their thiol redox homeostasis to 
protect themselves from damage. More deeply, small heat-stable oxidoreductase 
enzymes glutaredoxin and thioredoxin, are the major players in response to oxidative 
stress by the aid of sulphydryl groups. To succeed in this, cells regulate the oxidant 
accumulation, activate thiol redox pathways and repair the damage. The genes 
encoding the tripeptide gluthathione (GSH1), enzymes such as glutathione reductase 
(GLR1) and thioredoxins (TRX2) are important protection agents. Beside the 
mentioned defense ways, cells contain antioxidants like ascorbate, tocopherol, 
glutathione, vitamin C, E and antioxidative enzymes like cytoplasmic catalase 
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(encoded by the gene CTT1), superoxide dismutase and several other peroxidases. 
Moreover, a yeast activator protein (Yap1) and cell wall stress response proteins like 
Sed1p are important in oxidative stress (Cho, et al., 2000; Demasi, et al., 2006; 
Grant, 2001; Izawa, et al., 1996; Klis, et al., 2006; Rodrigues-Pousada, et al., 2005; 
Smart, 2003). 
1.4.5 Osmotic stress 
If the external osmolarity level increases, the cells start to shrink because of the water 
loss. A severe osmotic shock may cause the cell growth to exacerbate and the cells 
accumulate an osmolyte as glycerol to regain turgor. The hyper osmotic shocks 
actuate a pathway called High Osmolarity Glycerol (HOG) MAP Kinase which 
includes MAPKKKs as Ssk2p and Ssk22p, a MAPKK Pbs2p and a MAPK Hog1p 
(Figure 1.14). Hog1p is an activator of osmotic-stress related genes (Hohmann, 2002; 
Siderius, et al., 2003). 
 
 
Figure 1.14: HOG MAP Kinase pathway (Siderius, et al., 2003) 
1.5 Metabolic Engineering and Evolutionary Engineering 
Metabolic engineering takes the advantage of recombinant DNA technology to 
improve strains for a particular purpose by combining genetic engineering and 
cellular physiology. In other words, it can be defined as “the improvement of cellular 
activities by manipulation of enzymatic, transport, and regulatory functions of the 
cell with the use of recombinant DNA technology”, as stated first in 1991 by J. E. 
Bailey (Bailey, 1991). The approach requires a detailed analysis of cellular 
metabolism and functions focusing on the particular biochemical reactions in an 
entire organism. Following that, a directed gene manipulation is applied and the 
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result is further observed elaborately whether the desired change is obtained or not 
(Cakar, 2009; Nielsen, et al., 2000). S. cerevisiae is a domesticated organism which 
is widely used for production of food and beverages and for this purpose the 
improvement of S. cerevisiae strains have been an important issue since many years. 
Formerly, random mutagenesis, classical breeding and genetic crossing were widely 
applied to yeast for strain development. With the new technology, enhancement and 
modifications are made by genetic and metabolic engineering (Nielsen, et al., 2000; 
Ostergaard et al., 2000). 
However, the case is not so simplistic. Sometimes it becomes a burden to reach the 
desired goal because of some limitations. The metabolic information is the 
prerequisite for  metabolic engineering and it cannot be easily obtained for complex 
organisms or all key steps might not be elucidated yet. Additionally, it is also likely 
that the genetic modification results in a different effect than expected. Because of 
these, a new approach was proposed to overcome the limitations. In so-called inverse 
metabolic engineering, the genetic and environmental factors are determined for 
particular phenotypes without the necessity of the information for the entire 
metabolism. Evolutionary engineering is one of the inverse metabolic engineering 
approaches which aims at strain improvement by the use of random mutagenesis and 
repeated selection. As the desired phenotypes are obtained, the genetic background 
of the enhanced organism can be further investigated (Cakar, 2009). 
1.6 Real Time PCR 
Polymerase Chain Reaction (PCR) is used to amplify 100-600 bp DNA sequences 
exponentially with the help of primers and DNA polymerase. Merely PCR helps to 
observe the presence of a particular sequence by means of agarose gel 
electrophoresis which is generally stained with ethidium bromide. If the PCR is 
applied following the conversion of mRNA into cDNA by reverse transcriptase 
enzyme, the PCR is called as reverse transcriptase PCR (RT-PCR). Since normal 
PCR or RT-PCR gives only semi-quantitative data and other quantitative RT-PCRs 
determine the amount of template DNA at the end-point, Real-Time Reverse-
Transcriptase PCR (qPCR, qRT-PCR) is one of the most preferred types of PCR 
used in many applications. For instance; quantification of viral infections or 
improper protein coding mRNAs are the important uses. The amount of initial DNA 
templates can be determined accurately in a sensitive and reproducible manner by 
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qRT-PCR. qRT-PCR development was almost a breakthrough because an easy way 
of comparing the mRNA expression levels between different samples was a 
necessity. In qRT-PCR, well-designed probes composed of specific quencher and 
fluorescent reporters (TaqMan, molecular beacons, scorpions, etc.) or a fluorescent 
dye such as SYBR Green is used since the method is based on the detection of 
fluorescence. SYBR Green, which emits fluorescence strongly when bound to double 
stranded DNA, is used widely since it is cheaper and less arduous compared to 
probes although it is less specific. In qRT-PCR, a fluorescence value is fixed as 
threshold. As the amplification goes on, the fluorescent emission overcomes the 
fixed baseline of fluorescence and the cycle at which threshold is exceeded is called 
as threshold cycle (CT). The low threshold cycle means the early detectable emission 
and it means that the initial amount of template is high. The exponential 
amplification and the CT values can be graphed in a log-linear manner and it is called 
as the standard curve. The efficiency should be 2 in a theoretically working PCR 
since each cycle duplicates the initial amount, however; this is not always the case 
because of numerous factors affecting PCR. The optimum PCR efficiency should 
vary between 90% - 100% and this can be calculated from the slope of standard 
curve. Regarding acceptable efficiency values, the slope of the curve should be 
between -3.1 and -3.6. By the help of efficiency, the fold increase of the template can 
be calculated by (efficiency)
 n
, n being the cycle number. To obtain the standard 
curves and an accurate efficiency, reaction could be run with a serial dilution of 
cDNA templates. If the research aims the comparison of a target gene before and 
after a modification/mutation, a control gene which is referred as one of the 
housekeeping genes, like β-actin, GAPDH or a ribosomal RNA should be used. 
Then, the efficiency and CT values of target and control genes for each sample would 
lead to an absolute or relative quantification of initial mRNA amount (Dorak, 2010; 
Hunt, 2009; Wilson et al, 2005). 
1.7 Aim of This Study 
In this study, various stress resistant mutants of the prominent yeast S. cerevisiae 
were used for their comparison of adhesion to abiotic surfaces and flocculation 
properties. In former studies, the wild type (WT) S. cerevisiae was mutagenized by 
EMS (Ethyl-Methane-Sulfonate) and stress-resistant mutant individuals were 
obtained by evolutionary engineering methodology, by selection under different 
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stress conditions. The study includes WT and mutants which are resistant to different 
stress conditions such as iron, cobalt, sorbitol, NaCl, hydrogen peroxide, ethanol and 
freeze-thaw stress. The comparison was accomplished by Ca
2+
 dependent 
flocculation, invasion into agar and adherence to plasticity assays. In addition to 
screening studies, the gene expression levels of each individual for 
adhesion/flocculation related genes, FLO1, FLO5, FLO8 and FLO11 were 
determined by qRT-PCR and compared with wild-type levels. Additionally, the 
oxidative stress-resistant mutant was investigated in detail by determining the 
expression levels of major oxidative stress-related genes by using RT-PCR and qRT-
PCR. 
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2 MATERIALS AND METHODS 
2.1 Materials and Laboratory Equipment 
2.1.1 Yeast strain 
Saccharomyces cerevisiae CEN.PK113.7D was kindly provided by Dr. Peter Kötter 
(University of Frankfurt, Germany). Beforehand, Saccharomyces cerevisiae 
CEN.PK113.7D was denoted as 905 (wild type). Ethyl methane sulphonate (EMS) 
mutagenized Saccharomyces cerevisiae CEN.PK 113-7D cells had been obtained by 
applying the EMS mutagenesis method to the wild type population. The mutant cell 
population, 906, had been previously exposed to different stress conditions 
throughout successive batch cultivations. As a result of this evolutionary engineering 
strategy, some individuals selected were highly stress-resistant. In this study, 905 
was used as the wild type and the various stress-resistant mutant individuals were 
investigated. The individual names with respect to applied stress factors are shown in 
Table 2.1. 
Table 2.1: Yeast populations and mutants with respect to stress conditions 
Strain 
number 
Strain 
name 
Explanation 
1 905 Wild Type 
2 906 Mutant Population (EMS-mutagenized) 
3 S18 Sorbitol Stress Resistant Mutant 
4 T8 Salt (NaCl) Stress Resistant Mutant 
5 B11 Oxidative (H2O2) Stress Resistant Mutant 
6 B1 Oxidative (H2O2) Stress Resistant Mutant 
7 B14 Oxidative (H2O2) Stress Resistant Mutant 
8 5/-80 -80
o
C Freeze Thaw Resistant Mutant 
9 8C Iron Stress Resistant Mutant 
10 3C Iron Stress Resistant Mutant 
11 5C Iron Stress Resistant Mutant 
12 23/-196 -196
o
C Freeze-Thaw Stress Resistant Mutant 
13 H7 Oxidative (H2O2) Stress Resistant Mutant 
14 CO5 Cobalt Stress Resistant Mutant 
15 B2 Ethanol Stress Resistant Mutant 
16 B8 Ethanol Stress Resistant Mutant 
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2.1.2 Media compositions, solutions and kits 
Yeast minimal media (YMM) composition is given in Table 2.2. 
Table 2.2: YMM components and amounts 
Yeast Minimal Medium (YMM) 1 liter 
Components Amount (g) 
Difco Yeast Nitrogen Base without aminoacids (BD) 6.7 
Dextrose (AnalaR – BDH) 20 
Agar - only for solid media (Acumedia) 20 
 
YPD rich medium is composed of the ingredients shown in Table 2.3. 
Table 2.3: YPD components and amounts 
Yeast Peptone Media (YPD) 1 liter 
Components Amount (g) 
Yeast Extract (Acumedia) 10 
Dextrose (AnalaR – BDH) 20 
Peptone (Merck) 20 
Agar - only for solid media (Acumedia) 20 
The solutions used throughout the study are shown in Table 2.4. 
Table 2.4: List and properties of solutions used 
Solutions 
EDTA  100 mM, pH=8 
CaCl2 10 mM 
 
The kits used for specific purposes are listed in Table 2.5.  
Table 2.5: List of kits  
High Pure RNA Isolation Kit – Roche 
Transcriptor High Fidelity cDNA Synthesis Kit - Roche 
Light Cycler 480 SYBR Green I Master- Roche 
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2.1.3 Laboratory equipment 
The general equipment used is listed in Table 2.6. 
Table 2.6: Laboratory equipment 
Laminar Flow Biolab Faster BH-EN 2003 
Orbital Shaker Certomat S-2 Sartorius (Germany) 
Autoclave Tuttnauer 2540ml (Switzerland) 
Thermal Cycler Techne TC-412 
LightCycler 480 II Roche 
UV-Visible Spectrophotometer Shimadzu UV-1700 (Japan) 
Gel Electrophoresis BioRad 
Thermomixer Compact Eppendorf 
Transilluminator Vilber Lourmat 
Benchtop Centrifuge Eppendorf 
Multiplate Spectrophotometer BioRad Benchmark Plus 
Fluorometer Invitrogen Qubit Fluorometer 
Refrigerators and Deep Freezers -80
o
C Heto Ultrafreeze 4410 (Denmark) 
 -20
o
C, +4
o
C Arcelik (Turkey) 
Microcentrifuge and PCR tubes Axygen 
Micropipettes Eppendof 5000 μl, 1000 μl, 200 μl 
 100 μl, 20 μl, 10 μl 
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2.2 Methods 
The study consists of three screening methods to select prominent mutants for the 
gene expression analysis. Flowchart of the study is shown in Figure 2.1. 
 
Figure 2.1: Flowchart of the study 
2.2.1 Cultivation of yeast cells 
Throughout this study, wild type strain 905, EMS mutagenized population 906 and 
mutants were used. The stock cell solutions from -80
o
C were inoculated in 10 ml 
YPD in 50 ml tubes. After 2 days of growth at 150 rpm at a temperature of 30
o
C, the 
cells were pre-cultured with an initial OD600 of 0.1 unless otherwise stated. 
Periodically, stock cultures were obtained by mixing 500 μl of cells with 500 μl of 
60% (v/v) glycerol and kept at -80
o
C. 
2.2.2 Ca+2 dependent flocculation assay 
Calcium dependent flocculation assay was performed according to Bester, et al. 
(2006) with minor modifications. Yeast colonies were inoculated in 50 ml culture 
tubes with 10 ml YMM, and after 2 days the OD600 values are determined. The 
cultures were inoculated again in 5 ml YMM by adjusting the OD600 to 0.1. After 2 
days, 100 mM EDTA (pH=8) was added to tubes to a final concentration of 50 mM. 
After vigorous agitation by vortex, the OD600 values were determined by adding 100 
μl culture to 900 μl EDTA. This value was read as “A”. One mililiter of culture from 
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each sample was then transferred to micro-centrifuge tubes and YMM was separated 
by centrifugation at 14000 rpm for 5 min. The cells were washed with 1 ml distilled 
water and 1 ml of 10 mM CaCl2 was added. The samples were mixed by vortex for 
10 seconds and then left undisturbed for 1 min. Again the OD600 values were read as 
before and marked as “B” value. Flocculation percentage was calculated using 
Formula (2.1). 
100%
A
BA
onFlocculati                                                                               (2.1)            
The assay was also performed with multi-plate reader spectrophotometer with 
triplicate measurements. In this assay, the wells were filled with 10 μl culture to 90 
μl EDTA for the first measurements and with 100 μl culture resuspended in CaCl2 
were used for second measurements. The same formula was used to calculate 
flocculation percentage. 
2.2.3 Adherence to plastic test 
The capability of the cells to adhere to polystyrene was tested. The assay was 
performed according to Reynolds and Fink (2001), with minor modifications. Wild 
type and the mutants were inoculated in 50 ml culture tubes with 10 ml YPD 
containing 0.05% glucose. After the OD600 values reached 0.5 - 2, the OD600 was set 
approximately to 1 by centrifuging and resuspending the cells in YPD with relevant 
glucose concentrations . 100 μl of the cells were incubated in a polystyrene microtiter 
96-well plate. After 3 hours, 1% (w/v) crystal violet was added onto cells and the 
plate was incubated for 15 min at room temperature. The wells were washed in a 
water bath and visualized. For the quantification, 100 μl of 10% SDS was added to 
the wells. After 30 min, 100 μl of distilled water was added to the wells. Following 
the pipetting, the absorbance was read at 570 nm with multiplate spectrophotometer. 
According to the test, beside the wild type 9 mutants were selected and the test was 
repeated with different amounts of glucose; 0.05%, 2% and 4%. Also, the washing 
was performed after 24 hours instead of 3 hours for a better comparison. The 
adherence to plastic is compared regarding different glucose concentrations. 
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2.2.4 Invasive growth assay 
The agar invasion assay was applied as described by Barrales et al. (2008). The 
precultured cells were inoculated in 50 ml culture tubes containing 10 ml YPD with 
an OD600 value of 0.1. As the OD600 values reached approximately 1, sample volumes 
of 4 μl were spotted onto YPD-agar medium. After 5 days growth on agar, the cell 
colonies were washed away under constant stream of tap-water by rubbing with 
finger or Digralsky spreader. The plates were visualized before and after washing to 
evaluate the invasive growth into the agar. Also, the yeast cells grown on agar were 
held at 4
 o
C for more than a week and the invasion phenotypes were compared. 
2.2.5 RNA isolation, electrophoresis and concentration measurements 
The pre-cultured WT and mutants were inoculated with an OD600 of 0.2 in 10 ml 
YMM. RNA isolation was done after 18 hours of incubation at 30
o
C and 150 rpm. 
The RNAs for oxidative-stress study were isolated at stationary phase previously 
together with Bahtiyar Yılmaz. Before isolation, the OD600 was set to ≈ 1 
(approximately 2*10
7
 cells) and 1 ml of cells was used for extraction. The extraction 
was applied according to the High Pure RNA Isolation Kit (Roche) with minor 
modifications. 
First, the cells were centrifuged at 2000 g for 5 min. The pellet was resuspended in 
200 μl PBS. Four microliter of Zymolyase (Zymoresearch) was added and incubated 
for 15 min at 30°C. Following the incubation, 400 μl lysis/binding buffer was added 
and vortexed for 15 s. A High Filter Tube was put in a collection tube and all 
samples were pipetted through the filter tube. The collection tube with high filter 
tube was then centrifuged at 8000 g for 15 s. Filter was taken out of collection tube. 
The liquid from collection tube was discarded. After re-inserting filter in the 
collection tube, 90μl DNAse incubation buffer and 10 μl DNAse I mixture which 
was prepared in a sterile tube was pipetted through filter. The mixture was incubated 
at +15 to +25°C for 15 min. Five hundred microliters of washing buffer I was added 
and centrifuged at 8000 g for 15 s. Flowthrough was discarded and 500 μl washing 
buffer II was added. Centrifugation was executed for 15 s at 8000 g and the 
flowthrough was discarded. The washing buffer II with an amount of 200 μl was 
added. After 2 min. centrifugation at 13000 g, the filter tube was transferred into a 
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1.5 ml microcentrifuge tube. Elution buffer with a volume of 50-100 μl was added 
and centrifuged at 8000 g for 1 min. Isolated RNA was kept at -80°C.  
After the isolation of RNA, denaturing gel electrophoresis of RNA is applied to 
prove the integrity of RNA. To prepare a 150 ml denaturing gel, 1.5 g agarose (1%) 
was added to ~115 ml DEPC treated H20 (1:1000 „v/v‟) and 15 ml 10X MOPS 
buffer. The mixture was boiled and 9 ml 37% formaldehyde was added to the 
mixture after boiling. Following a short time of cooling, the gel was poured into cast. 
The electrophoresis tank buffer was prepared by adding 10 ml 37% formaldehyde to 
a 1L 1X MOPS buffer. 
The RNA samples were mixed with 2X RNA Loading Dye (Fermentas) and 
denatured at 70°C for 10 min. Subsequently, the samples were held on ice for 3 min 
and loaded to the agarose gel. High Range RNA Ladder (#SM1823 Fermentas) was 
denatured in the same way before being loaded. The electropheresis was applied at 
100V for 40 min. The gel photo was captured by the transilluminator. 
Moreover, the concentration of total RNA was determined by using the fluorometer 
Qubit (Invitrogen). 
2.2.6 Primer designs 
The gene sequences for FLO1, FLO5, FLO8 and FLO11 were obtained from 
Saccharomyces Genome Database (http://www.yeastgenome.org) and five specific 
primers for these genes were picked by Primer3Plus 
(http://www.bioinformatics.nl/cgi-bin/primer3plus/primer3plus.cgi).  Following that, 
the primer analysis for non-specific binding and dimer formation was made by the 
software Amplify3 (Amplify MacOS X). The best options for the primers were 
chosen with the help of Bahtiyar Yılmaz throughout personal communication. The 
primers for oxidative stress study had been designed previously by Bahtiyar Yılmaz. 
The amplification output of Amplify3 regarding the most suitable primer pairs for 
FLO1 is shown in Figure 2.2.  
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Figure 2.2: Amplify3 result for FLO1 primer pair 
 
The amplification output of Amplify3 regarding the most suitable primer pairs for 
FLO5 is shown in Figure 2.3.  
 
 
Figure 2.3: Amplify3 result for FLO5 primer pair 
 
The amplification output of Amplify3 regarding the most suitable primer pairs for 
FLO8 is shown in Figure 2.4.  
 
 
Figure 2.4: Amplify3 result for FLO8 primer pair 
 
The amplification output of Amplify3 regarding the most suitable primer pairs for 
FLO11 is shown in Figure 2.5.  
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Figure 2.5:  Amplify3 result for FLO11 primer pair 
According to the analysis, the primer sequences listed in Table 2,7 were chosen for 
the target FLO genes to be studied. In Table 2,7, primers for previously designed 
oxidative stress-related genes are shown, too. 
Table 2.7: Primer sequences 
Gene 
(Forward/ 
Reverse) 
Primer Sequence Product 
Length 
(bp) 
FLO1 F CCACAGACTGCGAATGAAGA 195 
FLO1 R CGTCTGTGTTTCAGCGTGAT 
FLO5 F TAACAAGTTCCGGGTTGAGC 167 
FLO5 R CAGCAATAAGGACGCAATGA 
FLO8 F CCAGGCTCAACAACAAGTGA 163 
FLO8 R AAGGTGATGCTCCATCCAAC 
FLO11 F TTGGTGTCACTGGTCCAAAA 194 
FLO11 R TGCATATTGAGCGGCACTAC 
CTT1 F TGCAAGACTTCCATCTGCTG 193 
CTT1 R ACGGTGGAAAAACGAACAAG 
YAP1_F TACACGTGATGGCGAGGATA 210 
YAP1_R TCCACTTCATTTTGCTGCTG 
SED1_F AAACCACAGCCAACCCAAGT 177 
SED1_R CACCAGCCAAACCTAAAGCACCT 
GLR1_F CCCCAGCGTAATTTTCTCAC 202 
GLR1_R GTGCAGACCGACAACCTTTT 
GSH1_F GACCTTTCAGGCACCCAATA 197 
GSH1_R GTAATGGCGCAACACCTCTT 
TRX2_F GGGCCATGTAAAATGATTGC 159 
TRX2_R CTCCTTACCGCCCTTGTAGA 
ACT1_F CTTTCAACGTTCCAGCCTTC 94 
ACT1_R TCACCGGAATCCAAAACAAT  
 
2.2.7 Real Time PCR Studies 
For the related flocculation genes, qRT-PCR was applied to samples named as 905 
(Wild Type) and the mutants S18, T8, 5 / -80, 5C, H7, 23 / -196, CO5, B2 and B8. In 
this study, β-actin was used as the reference gene and the flocculation genes analyzed 
were FLO1, FLO5, FLO8, and FLO11. In the detailed investigation of the oxidative 
stress- resistant mutant H7, 905 and mutant H7 (number 13) were studied with stress 
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(1 mM H2O2) and without stress conditions. The reference gene was the same β-actin 
but the target genes were YAP1, CTT1, SED1, GSH1, GLR1 and TRX2. 
Experiments were performed in triplicate using special 96-well plates. For the 
oxidative stress genes, PCR runs were done in duplicate. To obtain the cDNA, 100 
ng of isolated total RNA and Transcriptor High Fidelity cDNA Synthesis Kit 
(Roche) were used. After obtaining 100 ng RNA, 2 μl of random hexamer primers 
were added and the mixture was completed to 11.4 μl with PCR grade water. For 
each sample, the mixture was denatured at 65
o
C for 10 min in the thermal cycler with 
heated lid. Following the immediate cooling on ice block, 4 μl of Transcriptor High 
Fidelity Reverse Transcriptase Reaction Buffer (5x), 0.5 μl Protector RNase 
Inhibitor, 2 μl Deoxynucleotide Mix (10mM), 1 μl DTT and 1.1 μl Transcriptor High 
Fidelity Reverse Transcriptase were added. The mixtures with a final volume of 20 
μl were mixed carefully before incubating at 55oC for 30 min with a preheated lid. 
The mixtures were then heated to 85
o
C for 5 min and the reaction was stopped. The 
obtained cDNAs were used for Real Time PCR or kept at -20
o
C. For the Real Time 
PCR, 3 μl of PCR-grade water, 1μl of each primers, 10 μl SYBR Green I Master and 
5 μl cDNA template were used. Before the reaction, the wells were mixed carefully 
to ensure the homogeneity.  
Table 2.8: qPCR experimental programs 
 
Temperature 
(°C) 
Time 
Ramp Rate 
(°C/s) 
Cycle number 
DENATURATION 
Initial 
Denaturation 
94 5 min 4.4 1 
AMPLIFICATION 
Denaturation 94 10 sec 2.2 
45 Annealing 55 15 sec 2.2 
Extension 72 15 sec 4.4 
Cooling 40 10 sec 22 1 
For each gene, standards were obtained by serial dilutions (1:10; 1:100 and 1:1000) 
and relative quantification was performed according to Schmittgen et al. (2008). 
Generally, relative gene expression levels are compared by CT values and this 
method is referred as the 2
-ΔΔ
CT method. To be able to apply this analysis, the 
efficiencies of the target genes and the reference gene must be very close to each 
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other. This enables the assumption that each PCR cycle results in duplication of the 
amount and by this way, the fold increase after a proper number of cycles can be 
calculated. First of all, the CT values were determined for both the control sample 
and for the mutants, for each gene including the reference gene. Following that, 
using the (reference-target) CT values and by assuming the efficiency was 2 for all 
genes, the fold increases at threshold cycles were determined by 2
(reference-target)
. The 
mean 2
(reference-target) 
values were calculated and standard deviations were determined. 
Up to now, the calculation refers to delta CT method. The expression levels of 
mutants were compared with those of the wild type for each gene. By normalizing 
the obtained values to the wild type values, the comparison by 2
-ΔΔ
CT method was 
performed (Livak, et al., 2001; Schmittgen et al., 2008). 
 
38 
 
39 
3 RESULTS 
3.1 Ca+2 Dependent Flocculation  
Calcium dependent flocculation assay results showed a a wide range of flocculation 
percentages according to the calculations made with the formula (2.1). The mean 
flocculation percentages calculated from triplicate OD600 measurements and standard 
deviations are shown in Table 3.1.  
Table 3.1: Flocculation Percentages 
Strain Name 
A (OD600 with 
EDTA) 
B (OD600 
with CaCl2) 
Mean Flocculation 
(%) = 100*(A-B)/A 
Standard Deviation 
(+/-) 
905 0.273 0.150 44.87 0.41 
906 0.236 0.140 40.74 2.58 
S18 0.338 0.277 18.13 1.27 
T8 0.315 0.185 41.23 0.25 
B11 0.263 0.165 37.31 0.71 
B1 0.289 0.174 39.98 1.78 
B14 0.272 0.186 31.66 0.82 
5/-80 0.197 0.160 18.75 1.41 
8C 0.295 0.210 28.70 0.39 
3C 0.402 0.253 37.12 0.18 
5C 0.264 0.261 1.26 0.22 
23/-196 0.326 0.248 23.90 0.51 
H7 0.245 0.238 2.99 0.24 
CO5 0.259 0.138 46.59 1.29 
B2ilk 0.247 0.176 28.65 0.17 
B8ilk 0.235 0.127 45.82 0.98 
 
It can be concluded that the iron-resistant mutant 5C shows the lowest level of 
flocculation, while 905, CO5 and B8 show the highest flocculation percentages, 
which are very close to each other. 
3.2 Adhesion to Plastic 
After washing the excess crystal violet left outside the cells, the adhered colonies 
were photographed. The photo of the adhesion to platic test after 3 hours with all 
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mutants can be seen in Figure 3.1. The rows “C” and “F” are empty and the strain 
names can be seen either at the top or at the bottom of the wells. 
 
Figure 3.1: Adhesion to plastic with 0.05% glucose for all mutants 
The quantification of adherence to plastic was made by OD570 measurement at 
multiplate reader. The absorbance values are shown in Figure 3.2. 
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 Figure 3.2: The absorbance values for all mutants  
Other tests were performed by omitting 906, B1, B11, B14, 8C and 3C according to 
all screening results. The adherence to plastic with 0,05% glucose after 24 hours is 
shown in Figure 3.3. It can be clearly seen that B2 and CO5 can adhere favorably to 
plastic.   
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Figure 3.3: Adhesion to plastic with 0.05% glucose 
The quantification of adherence to plastic was made by OD570 measurement at 
multiplate reader. The comparison of wild type and other mutants in 4% glucose is 
shown in Figure 3.4. 
 
 Figure 3.4: The comparison for adherence to plastic with 0.05% glucose  
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The adherence to plastic with 0,05% glucose after 24 hours is shown in Figure 3.5. 
 
Figure 3.5: Adhesion to plastic with 2% glucose 
The quantification of adherence to plastic was made by OD570 measurement at 
multiplate reader. The comparison of wild type and other mutants in 2% glucose is 
shown in Figure 3.6. 
 
Figure 3.6: The comparison for adherence to plastic with 2% glucose 
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The adherence to plastic with 0,05% glucose after 24 hours is shown in Figure 3.7. 
 
Figure 3.7: Adhesion to plastic with 4% glucose 
The quantification of adherence to plastic was made by OD570 measurement at 
multiplate reader. The comparison of wild type and other mutants in 4% glucose is 
shown in Figure 3.8. 
 
Figure 3.8: Adhesion to plastic with 4% glucose 
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It can be seen that adherence in 4% glucose is less compared to 2% glucose as 
expected. On the other hand, adherence of cells in 0.05% glucose seems to be less 
than adherence in 2% glucose.  
3.3 Invasive Growth Assay 
The assay for invading into agar can be observed in Figure 3.9. The samples are 
ordered from right to left starting from the first row. At the left, the colonies are 
shown before washing and at the right hand side, the invasion can be seen after 
washing. 
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Figure 3.9: Invasion photos 
As can be seen from the Figure 3.7. the triplicate results of invasion assay shows that 
both in three agars, T8, B2 and B8 show repetitive strong invasion phenotype.  
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Holding agar plates at 4
o
C for more than a week does not affect the invasion 
phenotypes and the invading properties are kept stable (Figure 3.10). 
 
Figure 3.10: Invasion into agar after holding agar plates at 4
o
C more than a week 
 
 
48 
By using the data from flocculation, adherence to plastic and invasion assays, the 
significant mutants were selected with regard to strong or weak adhesion phenotype. 
The selection of mutants according to screening data is shown in Table 3.2.  
Table 3.2: Selection of mutants according to screening data 
Strain Name 
Mean Flocculation 
(%) = 100*(A-B)/A 
Adherene to 
Plastic 
(Absorbance at 
570nm) 
Invasion into Agar 
905 44.87 0.089 Slightly Invading 
906 40.74 0.118 Slightly Invading 
S18 18.13 0.368 Almost no Invasion 
T8 41.23 0.073 Very Strong 
B11 37.31 0.168 Almost no Invasion 
B1 39.98 0.093 Almost no Invasion 
B14 31.66 0.118 Almost no Invasion 
5/-80 18.75 0.095 Strong 
8C 28.70 0.067 Slightly Invading 
3C 37.12 0.147 Strong 
5C 1.26 0.068 Strong 
23/-196 23.90 0.102 Strong 
H7 2.99 0.236 Slightly Invading 
CO5 46.59 0.121 Slightly Invading 
B2ilk 28.65 0.133 Very Strong 
B8ilk 45.82 0.079 Very Strong 
The gray highlighted wild type and the mutants were selected for further 
observations with qRT-PCR.  
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3.4 RNA Gel Electrophoresis and RNA Concentrations 
Denaturing RNA Gel Electrophoresis photo can be seen as in Figure 3.11. 
 
Figure 3.11: Denaturing gel electrophoresis of RNA 
RNA Marker bands which are widened more is shown in Figure 3.12 by comparing 
with ladder data from Fermentas. 
  
Figure 3.12: RNA Marker  
RNA concentration measurement was executed by QUBIT. The concentrations can 
be seen in Table 3.3. Although, some mutants show to possess lower RNA 
concentrations, the RNA amount used in cDNA synthesis is the same. Therefore, this 
situation does not cause a problem. 
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Table 3.3: RNA Concentration of each sample 
 
 
 
 
 
 
 
 
 
3.5 Real  Time PCR Studies 
3.5.1 Standard curves 
The standard curves obtained for each gene by serial dilutions are depicted by the 
Light Cycler 480II Software.  All of the efficiencies are close to each other. 
Moreover, the error values are below 0.2 and the slopes fall in the acceptable ranges 
according to Dorak (2010). Thus, the relative comparative analysis can be applied. In 
Figure 3.13, the standard curve for β-actin  can be observed. 
Sample ug/ml ng/ml 
905 59 59000 
S18 9.78 9780 
T8 33.8 33800 
5/-80 9.33 9340 
5C 13.5 13540 
23/-196 11.4 11460 
H7 23.8 23800 
CO5 26.8 26800 
B2 74.2 74200 
B8 89 89000 
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Figure 3.13: Standard curve obtained for β-actin 
In Figure 3.14, the standard curve for FLO1 can be observed. 
 
Figure 3.14: Standard curve obtained for FLO1 
In Figure 3.15, the standard curve for FLO5 can be observed. 
 
Figure 3.15: Standard curve obtained for FLO5 
In Figure 3.16, the standard curve for FLO8 can be observed. 
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Figure 3.16: Standard curve obtained for FLO8 
In Figure 3.17, the standard curve for FLO11 can be observed. 
 
Figure 3.17: Standard curve obtained for FLO11 
3.5.2 CT values 
The CT values for all reactions are shown in the table 3.4. As the values are observed, 
it can be concluded that β-actin as a housekeeping gene has a lower CT value 
compared to target genes as expected. Significantly for FLO11, mutant T8 reaches 
threshold value faster than for β-actin . Moreover, the mutants from freeze-thaw 
stress show greater CT values for the reference gene compared to other mutants and 
wild type.  
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Table 3.4: CT values of each sample for each gene 
WT-905 / Control 23 / -196 
B-ACT FLO1 FLO5 FLO8 FLO11 B-ACT FLO1 FLO5 FLO8 FLO11 
25.13 34.05 31.85 33.66 30.76 27.13 36.2 33.78 34.66 33.26 
25.05 32.64 31.6 30.55 30.29 27.23 35.63 34.79 34.04 32.59 
25.68 33.13 32.44 32.51 1.89 28.25 36.87 36.08 36.43 33.31 
S18 H7 
B-ACT FLO1 FLO5 FLO8 FLO11 B-ACT FLO1 FLO5 FLO8 FLO11 
25.1 34.24 32.63 32.15 32.74 24.87 33.67 31.81 31.27 31.04 
25 33.9 32.7 32.75 32.42 24.45 32.64 31.7 30.91 30.92 
25.14 34.31 33.54 33.7 32.68 24.85 32.33 31.79 32.92 30.98 
T8 CO5 
B-ACT FLO1 FLO5 FLO8 FLO11 B-ACT FLO1 FLO5 FLO8 FLO11 
25.2 33.61 31.6 30.44 23.24 24.64 33.48 31.5 31.26 30.75 
25.1 33.58 31.55 30.3 22.68 24.31 33.08 31.56 30.87 30.56 
25.9 34 32.63 31.91 22.6 25.01 32.93 32.13 33.53 31.76 
5 / -80 B2 
B-ACT FLO1 FLO5 FLO8 FLO11 B-ACT FLO1 FLO5 FLO8 FLO11 
28.33 37.42 34.92 33.85 33.91 24.72 34.56 32.85 31.18 31.72 
28.19 36.24 34.95 34.33 33.68 24.83 33.69 32.06 30.65 31.2 
28.96 36.85 36.15 36.82 34.66 24.97 34.3 33.31 33.46 31.14 
5C B8 
B-ACT FLO1 FLO5 FLO8 FLO11 B-ACT FLO1 FLO5 FLO8 FLO11 
25.33 36.22 31.13 30.86 30.83 25.69 35.78 32.62 3049 31.83 
24.98 36.52 30.99 30.88 30.75 25.94 34 32.55 31.64 31.83 
25.51 35.6 31.48 31.52 31.12 25.63 33.58 33.52 31.69 32.26 
 
The relative comparison is made by the procedure explained before. According to 
these calculations, the gene expression levels are shown in Figure 3.18. The impact 
can be seen here is that T8 expresses FLO11 extremely much compared to reference 
gene.  Except the condition of T8, FLO5, FLO8 and FLO11 are expressed more than 
FLO1 in each mutant and wild type. 
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Figure 3.18: Gene expression levels 
The results of the 2
-ΔΔ
CT method can be seen in the following page in Figure 3.19. 
Here the expression fold values are normalized with respect to 905. It can be 
evidently seen that FLO11 is up-regulated in T8. Also, T8 has a high expression 
value of FLO8 compared to other mutants.  
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Figure 3.19: The expression pattern with respect to 2
-ΔΔ
CT  
3.6 Oxidative Stress-Related Studies 
The real time PCR was applied to analysis the oxidative stress  related genes for the 
side-study and the CT values of 905, 905 with stress, H7 and H7 with stress for each 
gene can be seen in Table 3.5. The most remarkable value is shown for CTT1 as the 
CT values are in a decreasing manner with the order of 905, 905-S, H7 and H7-S.  On 
the other point, SED1 gene has much smaller values for each sample compared to 
reference gene. 
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Table 3.5: CT values of each sample for each gene for oxidative stress study 
905 
ACT CTT1 YAP1 SED1 GSH1 GLR1 TRX2 
27.8 31.18 27.65 23.49 28.29 30.08 28.1 
27.82 31.62 27.65 23.05 28.73 29.86 27.93 
905-S (with stress) 
ACT CTT1 YAP1 SED1 GSH1 GLR1 TRX2 
26.17 27.73 27.3 22.12 27.12 28.93 27.03 
26.81 27.82 27.44 22.6 26.8 29.23 26.92 
H7 
ACT CTT1 YAP1 SED1 GSH1 GLR1 TRX2 
26.68 26.85 28.19 21.86 27.06 29.96 26.96 
26.15 26.45 28.27 21.29 27.03 29.23 26.62 
H7-S (with stress) 
ACT CTT1 YAP1 SED1 GSH1 GLR1 TRX2 
26.08 25.97 28.61 23.44 27.2 30.13 27.06 
26.31 26.53 29.46 23.87 27.13 30.46 26.58 
The gene expression levels are shown in Figure 3.20 where the mutants can be 
compared with 905. SED1 gene expression is higher in the absence of stress in both 
905 and H7.  
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Figure 3.20: Gene expression levels for oxidative stress study 
 
In Figure 3.21 the normalized expression fold values can be seen. It is clearly seen 
that, oxidative stress increases CTT1 expression mentionable.  YAP1, GSH1 and 
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GLR1 genes seem not to be induced by oxidative stress whereas TRX2 is elevated in 
mutant. 
 
Figure 3.21: The expression pattern with respect to 2
-ΔΔ
CT method for oxidative     
                      stress study 
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4 DISCUSSION AND CONCLUDING REMARKS 
4.1 Flocculation Study 
In this study, the main aim was to determine the adhesion characteristics of various 
stress-resistant mutants obtained by evolutionary engineering. Since adhesion and 
flocculation highly depend on environmental conditions, it could be considered that 
the cells which are grown in stress conditions may deviate from the wild type 
adhesion phenotypes. To observe the differences from wild type, screening tests were 
implemented including calcium dependent flocculation, adherence to plastic and 
invasion into agar.  
As mentioned in the Results section, the flocculation percentages were highly 
variable. This should be related to the wild type phenotype which normally does not 
show significant flocculation. To avoid any errors, the assay was repeated in a multi-
plate reader. However, the results showed that none of the mutants had acquired a 
phenotype flocculating significantly more than the wild type. These results could be 
verified by real time RT-PCR data. There was no stress-resistant mutant that 
expressed FLO1 more than the wild type. Low FLO1 expression profiles can be 
considered to be consistent with the study of Claro et al. (2007) as they showed that 
moderate heat shock, ethanol and osmotic stress affect flocculation negatively. 
For adherence to polystyrene, both the polystyrene multi-well plate photo and 
absorbance values were considered. It was clearly observed that S18, H7, B2 and B8 
adhered to plastic more than other mutants. The selected mutants were also compared 
with respect to glucose amount. It is obvious that increased glucose concentration  
resulted in less adherent phenotypes. Moreover, the absorbance values were higher in 
2% glucose compared to 0.05% glucose. Although adherence to plastic increases 
with glucose scarcity, 0.05% glucose should be less than minimum growth 
conditions for the mutants. The adherence with 2% glucose did not show great 
variability between the mutants and the wild type since they are not forced to form 
biofilms at that glucose concentrations. On the other hand, it can be seen that 
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adherence to plastic is not as reproducible as invasion phenotype. Biofilm formation 
and invasion are generally determined by FLO11 gene and Fidalgo et al.(2008) 
claimed that this gene possesses unstable coding repeats from generation to 
generation which can also result in changes in phenotypes. In adhesion to plastic 
tests, such modifications should have occured. 
In agar invasion, the triplicate experiments showed a consistent result for T8, B2 and 
B8. T8 seem to invade into agar in a remarkable manner and real time RT-PCR 
studies verified that with extremely high expression values. FLO11 is expressed in 
T8 almost 320 times more than reference housekeeping gene β-actin, normalized to 
mean wild type values. It can also be seen that FLO8 is higher in T8. Since, FLO8 is 
a transcriptional activator of FLO11; the results are consistent with each other. On 
the other hand, in invasion assay, B8 seem to invade into agar stronger than other 
mutants except T8, but the FLO11 expression values are not so high. It can be the 
result of FLO8, too. The FLO8 expression level seems to have one of the highest 
levels in-between other mutants. In contrast to invasion assay, B2 does not show 
elevated levels of FLO11 or FLO8 expression. It is known that adhesion is controlled 
by many pathways and the invasion of B2 can be triggered because of any other 
reason.  
Such an increase in Flo11p in cells grown with a considerable amount of salt can be 
further explained by the regulatory pathways. NaCl causes the cells to be in osmotic 
stress and the main stress response is the production of glycerol. During the response, 
the HOG pathway seems to be an important regulation mechanism and it is a MAP 
Kinase signaling cascade which has numerous common elements like Cdc42p, 
Ste20p, Ste11p  just as in the regulation of FLO11 (Roberts and Fink, 1994). Because 
of these, increase in FLO11 expression in salt stress-resistant mutant T8 could be 
considered as a stress response which initiates HOG-MAPK, too. 
It is known that invasion requires the stress genes to be inactive because of the Ras2 
regulation (Stanhill, et al., 1999), however, T8 is significantly tolerant against salt. 
This statement could also be wrong because, invasion and adhesion properties can be 
seen as stress response mechanisms. Here, it could be possible that T8 had such an 
adaptation to annihilate salt stress  that caused it to become invading yeast because of 
the adapted morphology or cellular membrane properties.  
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In addition to these, salt stress is closely related with sodium pumps on the cell 
membrane and Barrales et al. (2008) showed that deletion of a gene encoding P-type 
ATPase sodium pump, called ENA1, affects the FLO11 regulation. 
In future studies, Flo11p from T8 could be isolated to determine the binding 
properties of the protein. Also, if the binding capacity is strong with  proper 
materials, it can be used in drug delivery or in similar applications. 
4.2 Oxidative Stress Study 
For the oxidative stress studies, the most important result was observed in CTT1 
expression of H7. This was an expected result since H7 was mutagenized under 
oxidative stress conditions and against oxidative stress yeast either increase CTT1 
expression as a response or regulate the thiol redox mechanisms by gluthathione and 
glutathione reductase. However, thioredoxins play an important role in response to 
ROS. Although GSH1 and GLR1 are not elevated in stress conditions and in mutants, 
TRX2 seem to respond beside the major effect of cytosolic catalase CTT1. The other 
important result is that SED1 was expressed more under conditions without hydrogen 
peroxide both in 905 and H7 and its expression level was significantly higher than all 
other genes tested in this study. It seems that, during the stress, the expression level 
of SED1 decreases. Also, YAP1 is a yeast activator protein involved in stress 
mechanisms but it seems to be at the highest level in 905. It can be concluded that, 
against proper stress conditions, cells do not always activate all the mechanisms. 
They might be adapting to the conditions in a step-by-step process. Further detailed 
transcriptomic studies would be necessary to understand the complex molecular 
mechanism of oxidative stress response in yeast. 
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